Abstract: Nowadays, radiation detectors based on scintillating crystals are used in many different fields of science like medicine, aerospace, high-energy physics, and security. The scintillating crystals are the core elements of these devices; by converting high-energy radiation into visible photons, they produce optical signals that can be detected and analyzed. Structural and surface conditions, defects, and residual stress states play a crucial role in their operating performance in terms of light production, transport, and extraction. Industrial production of such crystalline materials is a complex process that requires sensing, in-line and off-line, for material characterization and process control to properly tune the production parameters. Indeed, the scintillators' quality must be accurately assessed during their manufacture in order to prevent malfunction and failures at each level of the chain, optimizing the production and utilization costs. This paper presents an overview of the techniques used, at various stages, across the crystal production process, to assess the quality and structural condition of anisotropic scintillating crystals. Different inspection techniques (XRD, SEM, EDX, and TEM) and the non-invasive photoelasticity-based methods for residual stress detection, such as laser conoscopy and sphenoscopy, are presented. The use of XRD, SEM, EDX, and TEM analytical methods offers detailed structural and morphological information. Conoscopy and sphenoscopy offer the advantages of fast and non-invasive measurement suitable for the inspection of the whole crystal quality. These techniques, based on different measurement methods and models, provide different information that can be cross-correlated to obtain a complete characterization of the scintillating crystals. Inspection methods will be analyzed and compared to the present state of the art.
Introduction
Scintillating crystal-based detectors are the main devices used for radiation and particle detection. The scintillating substances, by converting radiation into visible light, produce the main signal, which is then acquired by photoelectric sensors and analyzed by electronic and computing devices. Thanks to this capability, they are key components in a variety of measurement systems and diagnostic
The measurement methods presented in this work give detailed information about structural quality at different scales. Photoelasticity-based techniques [16, 17] will be presented in the two different and complementary forms of laser conoscopy and sphenoscopy; these non-invasive techniques, and the associated theoretical models, allow us to collect information about residual stress, macro-defects and structural macro-distortion distribution, producing feedback for the tuning of the production parameters, ensuring the crystals' correct light transport capability and predicting the functional behavior in a fast but reliable manner. These methods are particularly suitable for crystal producers, researchers, and end-users since they are non-destructive and all the samples of the production can be inspected.
As far as extremely detailed inspection and quality assessment methods are concerned, XRD, SEM, EDX, and TEM analytical methods will be surveyed. These techniques give information on the crystal lattice structure, compound distribution, and structural morphology at the micro-and nanometric scale. On the other hand, they require carefully prepared samples, they can be destructive techniques, and they are time consuming since they need special preparation of the sample and complex instrumentation. Finally, we will describe and review the grazing incident diffractometry (GID) method for surface roughness and crystallinity assessment. Some important information about crystals' interfaces can be obtained by this last method. They allow the proper tuning of the finishing procedures aimed at achieving optimal light guidance and collection of the detector system. All these presented methods can be combined to arrive at a qualification procedure for the assessment of the crystals' condition and the qualification of the production process.
Photoelasticity-Based Methods
Photoelasticity has been used for many decades for assessing the stress condition in isotropic and transparent materials like glass and Perspex; in some cases these materials are arranged in geometries similar to the mechanical and structural systems whose load-induced stress distribution have to be investigated [7, 16, 17] . Photoelasticity can be implemented in several modes (e.g., transmission, reflection, and scattered modality); in all cases, photoelasticity generates fringe patterns that depend on the state of stress of the analyzed structure [16, 17] . No fringes are generated in isotropic media if no stress or no refraction index variation are present into the volume. On the contrary, in anisotropic crystals, fringe patterns are present even in unstressed conditions due to their crystallographic structure. This led to more complex methodologies aimed at carrying out and analyzing the fringe patterns' shape as a signature of defects and stress. In the following, we describe some recently developed methods that merge photoelasticity and optics for anisotropic crystal inspection.
Laser Conoscopy

Conoscopic Fringe Patterns and Their Interpretation
Conoscopy is an optical crystallographic technique that uses polarized light to acquire information about the crystalline materials and their optical characteristics. It is classically implemented in polarized microscopes for observing thinly sliced samples for mineralogy purposes [18] . The technique has been adapted to measure residual stress in anisotropic crystals (a synonym for naturally birefringent crystals).
The crystal optical properties are described by the inverse permittivity or dielectric impermeability tensor B, a second-order symmetric tensor whose principal components B x , B y , and B z are associated with the principal refractive indices n x , n y , and n z by:
The tensor B is associated to the optical indicatrix or index ellipsoid (Figure 1a ), whose equation is BX·X = 1; X = (x, y, z),
Crystals 2019, 9, 376 4 of 17 which is a sphere for isotropic crystals (three equal refractive indices), a rotation ellipsoid (spheroid) for a uniaxial crystals (two equal refraction indices with one optic axis) or a general ellipsoid for biaxial crystals (three different refraction indices and two optic axis that are orthogonal to the planes that intersect the ellipsoid into a circumference). The light crossing the crystal's volume is affected by the refraction indices; its velocity and polarization are changed as a function of the index ellipsoid ( Figure 1b ) [19, 20] . In a plane polariscope configuration, each polarized ray of light that impinges on the crystal surface is split and orthogonally polarized. They exhibit a phase delay and an interference pattern is obtained when they are recombined after the analyzer (Figure 1b,c) .
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where ρ is the mean ray between the ordinary and the extraordinary one, λ is the wavelength of the impinging light, θ 1 , θ 2 are the angles formed by the ray and optic axes, respectively, and ∆ the phase difference between the ordinary and extraordinary rays. These patterns are due to the structure of the crystals and are based on the theory of the Bertin surfaces [22] [23] [24] (Equation (2)), which are the virtual iso-delay surfaces that the light generates when crossing the sample (Figure 1d,e) . As a matter of fact, Bertin's surfaces are the bijective relation between the light direction angle with the optic axes and a point in space and can be expressed as [19, 20] :
Equation (5) is the general expression of the Bertin's iso-delay surfaces in Figure 1d ,e. The angle β is the angle between the optic axes and their bisector (the z axis in Figure 1e ,d; β = 0 in uniaxial crystals). The β angle of the acute optic bisector (OB) is given by:
The interferograms in Figure 1c ,f can be modeled as the intersection of the surfaces in Figure 1d ,e with a plane orthogonal to the Z axis. Whenever a stress is applied on the crystal, the Bertin surfaces and, consequently, the fringe pattern deforms (Figure 1e,f) . The Bertin surface distortion depends on the fourth-order piezo-optic tensor π, which depends on the crystal symmetries, as follows:
where B 0 is the dielectric impermeability tensor in unstressed condition; a detailed description of the related theory is given in [25] . Due to the anisotropy, the generated patterns are a function of the observation direction with respect to the OB (Figure 1c 
where  is the mean ray between the ordinary and the extraordinary one,  is the wavelength of the impinging light, 1, 2 are the angles formed by the ray and optic axes, respectively, and  the phase difference between the ordinary and extraordinary rays. These patterns are due to the structure of the crystals and are based on the theory of the Bertin surfaces [22] - [24] (Equation (2)), which are the virtual iso-delay surfaces that the light generates when crossing the sample (Figure 1d,e) . As a matter of fact, Bertin's surfaces are the bijective relation between the light direction angle with the optic axes and a point in space and can be expressed as [19] , [20] :
Equation (5) is the general expression of the Bertin's iso-delay surfaces in Figure 1d ,e. The angle β is the angle between the optic axes and their bisector (the z axis in Figure 1e 
The interferograms in Figure 1c ,f can be modeled as the intersection of the surfaces in Figure  1d ,e with a plane orthogonal to the Z axis. Whenever a stress is applied on the crystal, the Bertin surfaces and, consequently, the fringe pattern deforms (Figure 1e,f) . The Bertin surface distortion depends on the fourth-order piezo-optic tensor , which depends on the crystal symmetries, as follows:
where B0 is the dielectric impermeability tensor in unstressed condition; a detailed description of the related theory is given in [25] . Due to the anisotropy, the generated patterns are a function of the observation direction with respect to the OB (Figures 1c,f and 2a,b) . Figure 1d ) or a biaxial sample along its obtuse bisector (the X axis in Figure 1e ). (b) The measurement method for achieving the stress measurement, (∆Y − ∆Z) = k 0 + k σ σ.
In this paper, we concentrate on the two main directions in uniaxial crystals, but the method and the technique can be extended to biaxial ones. The fringe pattern obtained observing along the OB (optic axis in unstressed uniaxial crystals) deforms in case of stress. The circular fringe orders (in unstressed uniaxial crystals) alter into fourth-order Cassini Like (CL) curves that approximate ellipses Crystals 2019, 9, 376 6 of 17 for small stress. Measuring the major and minor axis of the elliptic first fringe order, the stress can be evaluated via
where f σ is the photoelastic constant and C is the ellipticity measured, referring to Figure 1f , following the semi-phenomenological relation:
where ∆X > ∆Y always holds true in reference to Bertin surfaces (Figure 1d ,e) [25] .
Once the uniaxial crystal is stressed, it behaves like a biaxial crystal observed along the acute bisector of its optic axes, so the method can be extended to this latter category. In fact, Equation (9) is also valid for naturally birefringent crystals, taking into account that the unstressed interference pattern is composed of CL curves. For the analytical expression of the photoelastic constant and the ellipticity, refer to [25] [26] [27] . By observing orthogonally to the optic axis (or along the obtuse bisector of biaxial crystals), the interferogram appears as a series of hyperbolas (Figure 2a, b) . In this case, the distance between the hyperbolas of the branches is linked to the stress condition by the following relation (Equation (10)), which is derived from a more complex model [14] :
where k 0 is the difference R in unstressed condition and k σ is the photoelastic constant relevant to this direction. If the piezo-optic tensor π elements are unknown, in both observation directions a calibration step is required in order to evaluate the photoelastic constants. Finally, these methods allow us to evaluate the internal stress state, which is linked to the whole crystal quality.
Interference and conoscopic methods are also useful to evaluate the piezo-optic surface, stress, and the π tensor elements [28] [29] [30] . That method is based on the difference between the radius vector in the optic indicatrix perturbed by stress and the unstressed one.
Implementation
Laser conoscopy is based on the plane/circular polariscope setup [21, 31, 32] . Despite its reliability, the classical diffused light source has been substituted with a polarized laser source. In fact, diffused light polariscopes have limitations in terms of their spatial resolution, sensitivity, and complexity of analysis when used for anisotropic media. Since the sample is fully illuminated, the pattern carried out by the diffused light polariscope is due to the whole volume; therefore, complex shapes are obtained if the stress distribution is not uniform over the sample [22] . Moreover, this full field technique has a limited sensitivity to local variations in the stress condition since they are averaged on the entire crystal volume [32] . Collimated laser light with a special optical layout allows us to confine the light in a known portion of the crystal volume (Figure 3a,b) .
As the volume decreases, the sensitivity and spatial resolution increase. In the same manner, the complexity of the fringe pattern is reduced if a stress gradient or complex stress distribution is present over the crystal volume [32] . Since the fringe pattern is generated solely by the illuminated volume, it is reasonable to consider the stress uniform if this volume is small. This leads to the generation of simple geometric shape of the fringes (circles, ellipses, or hyperbolas). The improved spatial resolution of this pointwise method is paid with the necessity of a scanning procedure to map the entire crystal sample in detail. As the volume decreases, the sensitivity and spatial resolution increase. In the same manner, the complexity of the fringe pattern is reduced if a stress gradient or complex stress distribution is present over the crystal volume [32] . Since the fringe pattern is generated solely by the illuminated volume, it is reasonable to consider the stress uniform if this volume is small. This leads to the generation of simple geometric shape of the fringes (circles, ellipses, or hyperbolas). The improved spatial resolution of this pointwise method is paid with the necessity of a scanning procedure to map the entire crystal sample in detail.
Sphenoscopy
Laser conoscopy provides details for each point of observation; however, the technique may require a large number of scanned points to cover an extended sample. Therefore, this procedure may not always be compatible with those scenarios that require a very short testing time (e.g., in line inspection of mass production systems). For this it is possible to introduce a new inspection layout, leading to the new concept of sphenoscopy [33] . The scheme in Figure 3a has been modified, substituting a cylindrical lens for the spherical one. Since the focus is a line instead of a point, the light volume generated in the crystal is a thin wedge (Figure 3c ). By this method an entire line is inspected, instead of a series of points, in one single acquisition. Consequently, the inspection procedure could be reduced from   nn  acquisitions to   nn  acquisitions. The sphenoscopic fringe pattern is simplified with respect to the conoscopic one; as with the Bertin model, the light spans over a plane angle only, so one dimension of the fringe orders is obtained. Different to the laser conoscopy, where the iso-delay surfaces are a bijective function of an angle that spans the three spatial dimensions, the sphenoscopy is due to the bijective relation between a plane angle and the space. The pattern is generated by the envelope of this dimension over the light wedge height, which lead to a fringe figure composed of a series of lines (Figure 3d ). The presence of defects, stress, or nonuniformities over the inspected volume modifies the lines' curvature and the distances between them. The complexity of the pattern interpretation is, therefore, reduced. Even though the information 
Laser conoscopy provides details for each point of observation; however, the technique may require a large number of scanned points to cover an extended sample. Therefore, this procedure may not always be compatible with those scenarios that require a very short testing time (e.g., in line inspection of mass production systems). For this it is possible to introduce a new inspection layout, leading to the new concept of sphenoscopy [33] . The scheme in Figure 3a has been modified, substituting a cylindrical lens for the spherical one. Since the focus is a line instead of a point, the light volume generated in the crystal is a thin wedge (Figure 3c ). By this method an entire line is inspected, instead of a series of points, in one single acquisition. Consequently, the inspection procedure could be reduced from (n × n) acquisitions to (n + n) acquisitions. The sphenoscopic fringe pattern is simplified with respect to the conoscopic one; as with the Bertin model, the light spans over a plane angle only, so one dimension of the fringe orders is obtained. Different to the laser conoscopy, where the iso-delay surfaces are a bijective function of an angle that spans the three spatial dimensions, the sphenoscopy is due to the bijective relation between a plane angle and the space. The pattern is generated by the envelope of this dimension over the light wedge height, which lead to a fringe figure composed of a series of lines (Figure 3d ). The presence of defects, stress, or non-uniformities over the inspected volume modifies the lines' curvature and the distances between them. The complexity of the pattern interpretation is, therefore, reduced. Even though the information gathered in this method is less than the conoscopic figures, the results are comparable. Sphenoscopic inspection remains suitable, for instance, for a fast control of conformity.
The methodologies detailed in this paragraph offer a set of possibilities to build a non-invasive and fast control system that is manageable and adaptable to different conditions and scenarios of inspection and monitoring.
Applicability of such methodologies spreads over the entire scintillating crystals value chain. The non-invasiveness and speed of the techniques are particularly useful at the production stage. The entire population of crystals can be inspected by photoelastic-based methods. This monitoring can be implemented at different stages of the process: for instance, soon after the growth, to implement growing process evaluation and decide on the best cutting procedure; before and after the machining process to assess the process itself, monitor possible defects, prevent unwanted failures, etc. An inspection of the incoming samples can be easily done by the end-user (such as detector producers and assemblers) to recognize and select samples with a low level of defectiveness. Research bodies have a powerful tool to study the link between structure, defectiveness, and performance of the scintillators. Stress structures, observed by photoelasticity, indicate macro-distortion of the lattices, which can be due to the production process and/or the presence of defects such as unwanted precipitates or clusters of particles that may affect the mechanical properties and the scintillation performances. In fact, the distribution of stress and defects influences the light transport and collection since the crystals can undergo lensing effects, generating unwanted focal points inside the structure and the modification of internal reflection conditions, and creating a preferential light path into the sample volume that can affect properties like decay time, energy resolution, and light yield. Moreover, the presence of such defects can affect the scintillation process itself, for example by establishing a piezo-spectroscopic regime.
SEM, TEM, and EDX Analysis, X-Ray Scattering, and Reflectivity Methodology
Electron microscopy techniques are largely used in materials science because of their ability to provide microstructural data, indispensable for understanding the macroscopic features of the materials. The comprehension of the connections between microstructure and macro-properties allows for the design and realization of new and better-performing materials. Furthermore, SEM and TEM microscopes are usually equipped with an EDX microanalysis system able to locally investigate the chemical composition of the sample. Concerning scintillating crystals, the following aspects can be investigated by electron microscopy techniques.
The presence of defects, rugosity, and inhomogeneities, both artificially made and intrinsically present, on the surface of a crystal can be relevant for determining the quantity of light that can be collected, and thus the sensitivity and the efficiency of the detection system. These features may have a size on the order of some nanometers and can be easily investigated by scanning electron microscopy techniques (SEM). Indeed, this technique allows us to analyze the surficial morphology of a sample in a large range of dimensions (from cm to nm) using secondary electrons. On the other hand, backscattered electrons are used in SEM to obtain information on possible surficial composition inhomogeneities. This can be carried out with greater accuracy by using an EDX microanalysis system. This system is typically associated with an electron microscope. In EDX spectroscopy, the energy of characteristic X-rays emitted during the interaction of the electron beam with the sample is analyzed to identify the chemical element present in the sample. Due to the small dimension of the electron beam, the chemical analysis can be performed on volumes of a few µm 3 .
In order to investigate the inner structure of the crystals at atomic resolution, transmission electron microscopy (TEM) techniques are very powerful. By TEM it is possible to investigate the presence of lattice defects (precipitates, dislocations, twins, etc.) that could be detrimental to light emission. The crystallographic structure of the sample can be investigated, and the anisotropic axis determined. The composition of the sample can be analyzed by EDX spectroscopy at a spatial resolution of few nanometers or even lower, by using a TEM electron beam.
Some sample preparation must be done before electron microscopy observations, however. The typical requirement for samples to be observed by SEM is that they must be conductive. This is easily obtained for non-conductive materials, by covering them with a very thin film of metal or carbon; the latest microscopes allow one to set the electron beam energy to such low values that, in some cases, it is possible to perform SEM observations on non-conductive materials without any conductive film over them. More restrictive are the requirements for TEM samples: they must be so thin as to be transparent to the electron beam (typically ≤ 100 nm) and cannot be larger than 3 mm in diameter. To obtain samples with these specifications requires very sophisticated and quite expensive (both in terms of money and, mostly, time) techniques.
Investigation techniques based on X-ray scattering are largely used for material characterization at the nanoscale [34] [35] [36] . X-rays are electromagnetic waves with a wavelength of around one angstrom (10 −10 m), hence particularly useful for investigating structures such as atoms, molecules, and crystals. As X-rays are scattered by single electrons, atoms, molecules, and crystals, penetration inside matter depends on the material density as well as on the angle (θ) that the incident X-ray beam forms with the sample surface. At grazing incidence (θ = 0.4 • -5 • ), penetration is limited to near-surface regions so that the surface structure of materials can be easily investigated.
For detectors based on scintillating crystals, surface roughness and defects strongly limit the optical performance of the system.
Grazing incidence X-ray diffraction (GID) can be successfully used to investigate the crystalline state of surface or near-surface regions, compositional depth profile, presence of residual stresses, or crystallographic defects due to the growth process or the surface finishing post-production processes [13] .
To investigate surface roughness, material density and the presence of a surface layer or multilayer systems X-ray reflectivity (XRR) is commonly used. As XRR is based on radiation reflection at surfaces and interfaces, the technique estimates the roughness, thickness, and density of a single layer or multiple layers independently of sample crystallinity.
On the other hand, investigation of the material inner volume is performed by X-ray diffraction (XRD) techniques at higher incidence angles (θ = 5-60 • ). Material density determines the size of the analyzed volume from which information is averaged. In this sense, XRD is considered a volume technique, in contrast to microscopic techniques (SEM, TEM) [37, 38] that show lateral resolution at the nanoscale. As XRD is based on the radiation reflection on crystalline planes of the material, only crystalline materials (single crystals or polycrystals) can be successfully investigated in terms of compound information, lattice parameters, crystallography, and residual stresses. Analysis of the inner structure of amorphous materials or short-range ordered materialsat the nanoscale is always limited.
XRD measurements of scintillating single crystals are used to determine the exact orientation of crystallographic axes, which is correlated to optical performance.
The widespread use of X-ray-based analytical techniques (XRD, GID, XRR) in the field of scintillating crystals is due to the fast sample preparation and measurement times. For scintillating crystals with a size comparable to or below the centimeter range, sample preparation is practically unnecessary, while measurement times can vary from minutes to a few hours depending on the X-ray facility. Data interpretation can be difficult in the case of a highly defective structure or a combination of disordered crystallographic compounds.
As a general rule, complete characterization of scintillating crystals at the nanoscale requires two or more complementary analytical techniques, such as electron microscopy and X-ray scattering.
Example of the Use of the Presented Measurement Techniques
Each technique mentioned provides structural information at a different scale. Depending on the features and dimension of details to be detected, a suitable methodology can be chosen. On the other hand, by using several different and complementary analytical techniques, a more accurate and complete characterization of crystal quality can be achieved. Moreover, the latter procedure helps with understanding the correlations between different features and phenomena within the sample structures and its behavior.
The non-invasiveness and fast nature of the photoelasticity-based methods have been exploited for the quality assessment and selection of PWO crystals for the CMS experiment at CERN [15] . A pre-production series of PWO growth by the Bridgman technique [39] has been inspected by conoscopy. Observations allowed for evaluating the residual stress, due to the production process, as a signature of the whole quality of both the crystals and their manufacturing procedure. The residual stress state is an indication of a correct production process, from growth to machining and final finishing. This is linked to the general quality of the scintillators. Scintillation can be affected, and unwanted failures may arise even due to the interaction with heavy particles like hadrons. Two ingots were cut into slices and inspected in different positions. Since the observations were performed along the optic axis, the evaluation of the residual stress was carried out by the detection of the ellipticity. Figure 4a schematically reports the ellipticities of six points over the surface of six slices. In the graph in Figure 4b , the averaged residual stress in different positions is reported. The photoelastic method has allowed the selection of higher-quality samples and has given indications for tuning the growth parameters properly, thus enhancing the production yield. In that work [15] a quality index has been proposed for the selection of suitable crystals (Figure 4c ). That index is defined as R= [(kS) 2 +σ 2 av ] 1/2 , where σ av is the average value of stress, while S is the standard deviation. The coefficient k≥1 is related to the producer experience, which weights the dispersion of the data.
The non-invasiveness and fast nature of the photoelasticity-based methods have been exploited for the quality assessment and selection of PWO crystals for the CMS experiment at CERN [15] . A preproduction series of PWO growth by the Bridgman technique [39] has been inspected by conoscopy. Observations allowed for evaluating the residual stress, due to the production process, as a signature of the whole quality of both the crystals and their manufacturing procedure. The residual stress state is an indication of a correct production process, from growth to machining and final finishing. This is linked to the general quality of the scintillators. Scintillation can be affected, and unwanted failures may arise even due to the interaction with heavy particles like hadrons. Two ingots were cut into slices and inspected in different positions. Since the observations were performed along the optic axis, the evaluation of the residual stress was carried out by the detection of the ellipticity. Figure 4a schematically reports the ellipticities of six points over the surface of six slices. In the graph in Figure  4b , the averaged residual stress in different positions is reported. The photoelastic method has allowed the selection of higher-quality samples and has given indications for tuning the growth parameters properly, thus enhancing the production yield. In that work [15] a quality index has been proposed for the selection of suitable crystals (Figure 4c) . That index is defined as R= [(kS) 2 +σ 2 av] 1/2 , where σav is the average value of stress, while S is the standard deviation. The coefficient k≥1 is related to the producer experience, which weights the dispersion of the data. In PWOs for the CMS experiment, the influence of surface finishing has been also studied, exploiting the GID analysis [40] . Samples were prepared and treated by different surface finishing techniques. GID analysis was used to investigate the surface structure of PWO single crystals submitted to two different finishing processes, mechanical diamond polishing (MDP) and chemical mechanical polishing. GID has clearly shown that CMP tends to amorphize the crystal surface, while the surface crystallinity is maintained when the MDP finishing process is adopted ( Figure 5 ). The results gave a clear indication of how to choose the optimal surface treatment for improving crystal light collection. In the same paper, the results of GID analysis and light yield test were compared, highlighting the positive contribution of the CMP treatment to the optical performance of crystals (Table 1 in Figure 5 ) [13] . In fact, CMP generates an amorphized but smoother surface that contributes to an enhanced light yield. In PWOs for the CMS experiment, the influence of surface finishing has been also studied, exploiting the GID analysis [40] . Samples were prepared and treated by different surface finishing techniques. GID analysis was used to investigate the surface structure of PWO single crystals submitted to two different finishing processes, mechanical diamond polishing (MDP) and chemical mechanical polishing. GID has clearly shown that CMP tends to amorphize the crystal surface, while the surface crystallinity is maintained when the MDP finishing process is adopted ( Figure 5 ). The results gave a clear indication of how to choose the optimal surface treatment for improving crystal light collection. In the same paper, the results of GID analysis and light yield test were compared, highlighting the positive contribution of the CMP treatment to the optical performance of crystals (Table 1 in Figure 5 ) [13] . In fact, CMP generates an amorphized but smoother surface that contributes to an enhanced light yield.
A fruitful combination of techniques can be found in a recent paper [14] on modern PWOs (faster and with enhanced light yield). In that work laser conoscopy and sphenoscopy were used to inspect a defective PWO crystal as a pre-series sample for the PANDA experiment in FAIR [9, 41] ; the assessment of the quality was completed by XRD and EDS analysis, obtaining structural and compositional information. Since the sample was cut along the a-c crystallographic plane, the fringe patterns for each point of inspection were similar to Figure 2 . A map of relative stress distribution has been achieved by the conoscopic and sphenoscopic techniques (Figure 6b ). In Figure 6a the conoscopic and sphenoscopic images are reported one beside the other.
Patterns shown in Figure 7a were obtained from the XRD analysis, providing information on crystallinity and lattice parameters that are reported in Table 2 in Figure 7 (bottom). Table 2 in Figure 7 also shows the results of EDS analysis, where the Pb, W, and O atomic concentrations are reported as average values (AV) and standard deviations (SD). XRD analysis and conoscopy are in agreement on the angular misalignment between crystallographic plane and sample surface. In particular, the XRD measurement in rocking curve mode (inset in Figure 7 ) estimated an angular shift of the PWO (200) lattice planes of 4 • with respect to the expected position. During conoscopy measurements, to obtain a symmetric fringe pattern (as in Figure 2) , the sample was tilted to the same angular value (4 • ) from the observation direction. A fruitful combination of techniques can be found in a recent paper [14] on modern PWOs (faster and with enhanced light yield). In that work laser conoscopy and sphenoscopy were used to inspect a defective PWO crystal as a pre-series sample for the PANDA experiment in FAIR [9] , [41] [9] ; the assessment of the quality was completed by XRD and EDS analysis, obtaining structural and compositional information. Since the sample was cut along the a-c crystallographic plane, the fringe patterns for each point of inspection were similar to A fruitful combination of techniques can be found in a recent paper [14] on modern PWOs (faster and with enhanced light yield). In that work laser conoscopy and sphenoscopy were used to inspect a defective PWO crystal as a pre-series sample for the PANDA experiment in FAIR [9] , [41] [9] ; the assessment of the quality was completed by XRD and EDS analysis, obtaining structural and compositional information. Since the sample was cut along the a-c crystallographic plane, the fringe patterns for each point of inspection were similar to Figure 2 . A map of relative stress distribution has been achieved by the conoscopic and sphenoscopic techniques (Figure 6b ). In Figure 6a the conoscopic and sphenoscopic images are reported one beside the other.
(a) (b) Figure 6 . (a) PWO sphenoscopic image. The inset on the right side shows the conoscopic images carried out over four points, while the larger image represents the sphenoscopic fringe pattern obtained in the same area by a single acquisition [14] . (b) The map of stress distribution superimposed to the sample surface, which is in line with the presence of defects in the PWO crystal [14] (used with permission from IOP; [14] ). results of EDS analysis, where the Pb, W, and O atomic concentrations are reported as average values (AV) and standard deviations (SD). XRD analysis and conoscopy are in agreement on the angular misalignment between crystallographic plane and sample surface. In particular, the XRD measurement in rocking curve mode (inset in Figure 7 ) estimated an angular shift of the PWO (200) lattice planes of 4° with respect to the expected position. During conoscopy measurements, to obtain a symmetric fringe pattern (as in Figure 2 ), the sample was tilted to the same angular value (4°) from the observation direction. Lattice parameters (tetragonal structure revealed by XRD) a = 0.54676 ± 0.00015 nm c = 1.2064 ± 0.0004 nm Figure 7 . XRD patterns (left) from as produced sample and powder, which was obtained by grinding a small piece of crystal. From peak angular position and relative intensity, PWO crystallographic structure and lattice parameters were calculated. Inset shows the rocking curve of the (200) peak, which reveals misalignment of this lattice plane to the sample surface. The associated Techniques like XRD, SEM, and TEM allowed for correlating mechanical properties to the structural characteristics of cerium-doped lutetium yttrium oxyorthosilicate crystals (Lu2(1_x) Y2xSiO5:Ce namely LYSO:Ce) for medical imaging devices [42] - [44] in [45] . Ultimate tensile stress (UTS) and Young's modulus (YM) were measured in [7] , [46] . Five of them were correlated to their structural and compositional condition [45] . Table 3 , along with Figure 8 , shows the UTS and YM values of samples. XRD analysis of samples provided the patterns reported in Figure 8 . Rietveld analysis of the XRD patterns allowed for calculating the lattice parameters, which were in close agreement with the literature data. Techniques like XRD, SEM, and TEM allowed for correlating mechanical properties to the structural characteristics of cerium-doped lutetium yttrium oxyorthosilicate crystals (Lu 2(1_x) Y 2x SiO 5 :Ce namely LYSO:Ce) for medical imaging devices [42] [43] [44] in [45] . Ultimate tensile stress (UTS) and Young's modulus (YM) were measured in [7, 46] . Five of them were correlated to their structural and compositional condition [45] . Table 3 , along with Figure 8 , shows the UTS and YM values of samples. XRD analysis of samples provided the patterns reported in Figure 8 . Rietveld analysis of the XRD patterns allowed for calculating the lattice parameters, which were in close agreement with the literature data. Rietveld analysis confirms the monoclinic structure of LYSO in terms of peak sequence and relative intensity.
By SEM microscopy, surface finishing of samples has been observed. In Figure 9 a typical surface presenting no evidence of macro defects is shown. By SEM microscopy, surface finishing of samples has been observed. In Figure 9 a typical surface presenting no evidence of macro defects is shown. stress (UTS), and the Young's modulus (YM). The XRD pattern (b) was obtained from powder. Rietveld analysis confirms the monoclinic structure of LYSO in terms of peak sequence and relative intensity.
By SEM microscopy, surface finishing of samples has been observed. In Figure 9 a typical surface presenting no evidence of macro defects is shown. TEM measurements were performed on all five samples and the absence of lattice defects, in four out of the five samples, was confirmed by high-resolution analysis (Figure 10a) . A completely different microstructure has been revealed in sample #6, the one with the lowest UTS and YM values. TEM measurements were performed on all five samples and the absence of lattice defects, in four out of the five samples, was confirmed by high-resolution analysis (Figure 10a) . A completely different microstructure has been revealed in sample #6, the one with the lowest UTS and YM values. In fact, despite confirmation of the sample monoclinic structure, a non-homogenous distribution of crystallographic defects has been found. Figure 10b shows a typical "coffee bean" contrast, indicating the presence of coherent particles showing spherically symmetrical strains with the matrix. EDX analysis has revealed an excess of Lu and Y in these defective areas, suggesting in the inhomogeneous distribution of these elements the origin of the coherent nanoparticles' formation.
Characterization techniques are crucial for developing new materials to understand which mechanisms rule the behavior of scintillators. In fact, the influence of annealing temperature has been studied by XRD analysis to develop DSB and DSL scintillators [47] . In fact, despite confirmation of the sample monoclinic structure, a non-homogenous distribution of crystallographic defects has been found. Figure 10b shows a typical "coffee bean" contrast, indicating the presence of coherent particles showing spherically symmetrical strains with the matrix. EDX analysis has revealed an excess of Lu and Y in these defective areas, suggesting in the inhomogeneous distribution of these elements the origin of the coherent nanoparticles' formation.
Characterization techniques are crucial for developing new materials to understand which mechanisms rule the behavior of scintillators. In fact, the influence of annealing temperature has been studied by XRD analysis to develop DSB and DSL scintillators [47] .
The patterns in Figure 11 highlight how the crystallinity state of the orthorhombic structure varies with a temperature increase in both samples. Therefore, clear indications on the optimization of the production procedure can be achieved from a structural analysis performed by different analytical techniques.
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Characterization techniques are crucial for developing new materials to understand which mechanisms rule the behavior of scintillators. In fact, the influence of annealing temperature has been studied by XRD analysis to develop DSB and DSL scintillators [47] . The patterns in Figure 11 highlight how the crystallinity state of the orthorhombic structure varies with a temperature increase in both samples. Therefore, clear indications on the optimization of the production procedure can be achieved from a structural analysis performed by different analytical techniques.
The requirements of the application fields are pushing research toward the production of highquality scintillators shaped like fibers. Their production processes are even more complex than bulky The requirements of the application fields are pushing research toward the production of high-quality scintillators shaped like fibers. Their production processes are even more complex than bulky crystals' [48] . The surface to volume ratio of these scintillators is typically extremely high; therefore, the surface condition is critical as well as the crystallinity. Figure 12a shows two SEM images of a LYSO fiber surface produced by the micro-pulling-down (MPD) technique [49] . The surficial roughness can be easily evaluated and measured on large areas of the sample. Due to the dimensions and shape of a LUAG fiber (MDP produced), the sample crystallinity was evaluated by the TEM technique. In particular, TEM analysis revealed that the LUAG fiber is composed of an amorphous matrix with some crystalized nanoparticles (Figure 12b ). Due to the shape and dimension of the samples, SEM and TEM techniques are, in these cases, the best possible choice for a structural assessment. crystals' [48] . The surface to volume ratio of these scintillators is typically extremely high; therefore, the surface condition is critical as well as the crystallinity. Figure 12a shows two SEM images of a LYSO fiber surface produced by the micro-pulling-down (MPD) technique [49] . The surficial roughness can be easily evaluated and measured on large areas of the sample. Due to the dimensions and shape of a LUAG fiber (MDP produced), the sample crystallinity was evaluated by the TEM technique. In particular, TEM analysis revealed that the LUAG fiber is composed of an amorphous matrix with some crystalized nanoparticles (Figure 12b ). Due to the shape and dimension of the samples, SEM and TEM techniques are, in these cases, the best possible choice for a structural assessment.
(a) (b) Figure 12 . Scintillating fibers produced by the micro-pulling-down method: (a) SEM images of a LYSO fiber surface; (b) TEM image and corresponding selected area electron diffraction pattern (inset) of a LUAG fiber.
Conclusions
The methodologies and measurement techniques presented in this paper provide a wide range of possibilities of exploring and investigating the structural quality of the anisotropic crystals. These techniques may be thought of as complementary to each other; from a macroscopic scale to micro 
The methodologies and measurement techniques presented in this paper provide a wide range of possibilities of exploring and investigating the structural quality of the anisotropic crystals. These techniques may be thought of as complementary to each other; from a macroscopic scale to micro and nanometric features, a complete characterization can be achieved by implementing different methodologies. Innovative laser conoscopy and sphenoscopy are particularly convenient for the quick and non-invasive inspection of crystal macroscopic conditions. Lattice macroscopic distortions due to the presence of residual stress and/or defectiveness can be easily detected. They are particularly helpful in scenarios like the inspection of the complete production of crystals at the grower level and the inspection of incoming samples for detectors assembly; in these situations non-invasiveness and speed are crucial.
More intimate inspections are allowed by the X-ray diffractometry techniques and electron microscopy. In fact, the quality of the lattice and its parameters can be evaluated with accuracy by XRD. This enables us to characterize the crystallinity and the possible lattice distortions due to inclusions, defects, and/or an incorrect growing process. GID is an extremely accurate method for assessing surfaces that are the crucial interfaces for light collection and extraction. SEM is a powerful tool at a different level; the morphology of surface and particles can be studied at micro and nanometric scale. By energy dispersion spectrometry, qualitative and quantitative evaluation of the compounds can be carried out. In case of the necessity of atomic resolution, TEM offers the possibility of detecting lattice distortion, inclusions, and possible modification of the crystal cell.
Structural analysis and quality control are fundamental in both theoretical research and the production process. Except for conditions in which a specific characteristic of the tests is needed (time, non-invasiveness, resolution, etc.), a combination of the presented methodologies is preferred, aiming at a complete characterization of the anisotropic crystals. 
